Acoustic bandgap (ABG) sensors are made of a periodic array of inclusions/scatterers embedded in a homogenous elastic matrix. ABG sensors can be thought of as the mechanical analogues of semiconductors. In a semiconductor the electronic bandgap arises as the result of a periodic array in electronic potentials. In an ABG sensor an acoustic bandgap arises as the result of a periodic array of differing acoustic impedances. We suggest that acoustic bandgap sensors can be used to detect and quantify submicron damage in composite laminates. Monitoring changes in the acoustic response of ABG sensors, will allow us to detect submicron damage in the substrate to which the ABG sensors are adhered. We present the results of our recent simulations demonstrating the ability of an ABG sensor made of epoxy matrix with Tungsten inclusions to detect submicron damage in a composite laminate adhered to the ABG sensor. A finite element simulation coupled with acoustic wave analysis using finite difference in time domain (FDTD) method is used to present the ability of ABG crystals to be employed as sensors for submicron damage detection.
Introduction
Acoustic bandgap (ABG) materials are comprised of a homogenous host material where finite size scatterers/inclusions are embedded periodically. The host material might be air, fluid or solid while the scatterers are made of different material that has a significant acoustic impedance contrast to that of the host media (Lin et al. 2000) . The interest in these materials is related to their ability to create frequency regions, known as absolute acoustic bandgaps, over which elastic waves cannot propagate in the material. An elastic wave, whose frequency lies within this absolute bandgap, incident on a slab of the crystal of certain thickness will not propagate.
Numerous experimental and theoretical investigations have shown that phononic gaps are possible in one-dimensional (1-D) phononic crystals (a sequence of homogeneous plates), two dimensional (2-D), and three-dimensional (3-D) systems (Kushwaha 1996) . Sigalas et al. 1995 and Vasseur et al. (1998) showed experimentally that sensitive acoustic bandgaps can be observed in ABG materials made of polymers (e.g. epoxy) with steel, nickel, gold, copper and duralumin cubic or spherical scatterers arranged in Face Centered Cubic (FCC), Body Centered Cubic (BCC) and simple cubic (SC)fashion. Acoustic bandgaps were observed with wide range of filling ratios ranging between 25 to 50 percent. Figure 1 shows a schematic representation of ABG materials. (Vasseur et al. 1998; Lin et al. 1998) ABGs are the sound counterpart of photonic crystals which have been intensively investigated by researchers and showed great ability to control light propagation in all three dimensions (Lin et al. 1998; Fleming et al. 2002) . Many researchers (e.g. Goffaux and Vigneron 2001) indicated that the observed bandgap is a function of the acoustic and elastic properties of the host materials and the scatterers. It has also been shown that the bandgap is strongly tied to the periodicity of the ABG material. Therefore, disturbance in the scatterers' geometry/periodicity (possibly due to a disturbance from the underlying substrate) results in disturbance in the bandgap. We demonstrate here the use of ABG materials to produce a scalable sensor. A schematic representation of the ABG sensor is shown in Figure 2 . Fabrication of the ABG sensors involves novel processing techniques in order to create a regular array of single-crystal cylinders in a polymer matrix. The sensor is based on packaging the ABG material between two piezoelectric plates as shown in Figure 2 . Scalability allows damage detection at various levels of damage ranging from submicron-to macro-scale damage. This enables us to observe damage resulting in tens to hundreds of nanostrains and thus observe damage evolution at hot spots in composite laminates. A scale never reported before in the literature. 
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Hot Spot Monitoring in Composites
While typical damage detection systems target identifying damage location and severity, the proposed sensors shall be used for monitoring damage evolution at locations that are known a priori to be critical (e.g. airplane fuselage). This is attributed to the significantly high sensitivity/resolution of the proposed sensors. Composite materials specially graphite/epoxy laminates have been recently used in load bearing structural elements such as fuselage and wings of airplanes and a number of components in aerospace shuttles. In principle composite damage takes place in a sequence of steps: matrix cracking in transversely loaded plies, matrix cracking in axial plies, local delamination at intersections of these cracks followed by fiber breakage (Baker et al. 2004) . Stiffness degradation has also been observed under fatigue starting as rapid degradation followed by gradual then rapid degradation to failure.
Moreover, there also exists growing evidence on possible damage evolution to take place in composites prior to observing the first fatigue crack. The concept of "pre-crack fatigue damage" occurring at submicron scale due to loss of stiffness of the composite matrix has been recently discussed (Atodaria et al. 1999) . Researchers (e.g. Jones and Galea 2002) showed the progression of fatigue cracks in composites under the patch repair occurs under variable loading conditions during flights. The process of crack evolution is still not completely understood (Harris 2003) . While pre-crack fatigue damage evolution might not be of interest in large structures where a submicron crack cannot lead to catastrophic failure, evolution of pre-crack fatigue damage in an aerospace vehicle subjected to severe loading conditions during flight is of great significance. Figure 3 shows a schematic of the proposed hot spot monitoring of aerospace vehicles using ABG sensors. 
Methods
We demonstrate here by means of computational simulation that an ABG sensor shall be able to detect damage to the submicron scale as it evolves in hot spots on the composite.Our simulation can be divided into two pieces: First, the mechanical simulation of damage in the composite laminate and how this would affect the periodicity of the ABG sensor adhered to the composite laminate. The second piece is the wave propogation simulation where we track the acoustic signal propagation in the ABG material. To understand the propagation of an acoustic wave in a homogenous elastic media, consider the displacement vector ) , ( t r U r r in a homogenous elastic medium of density ρ and Lame` coefficients λ and μ satisfies the equation:
In case of harmonic elastic waves of angular frequencyω, we have:
For ordinary (lossless) elastic media, the Lame` coefficients λ are real numbers, but where loss is possible they are complex functions of frequency:
The most general solution of equation (3) In the frame work of FDTD, real space is discretized into a cubic grid where all the variables are defined, the x, y, and z of the displacement vector are spatially interlaced by half a grid cell and the elastic wave equations are approximated by center differences in both space and time. For example the equation for u x , displacement, becomes Where m, n, k and l are numerical indices for position and time. In a similar way one can get the other components of the stress tensor. The computational cell domain contains a slab of the composite ABG medium in its central part and is bounded from both ends along the direction of propagation, usually chosen to be along the z-axis, by homogeneous slabs of the background matrix of the ABG structure. The wave is then launched on the left-hand-side of the ABG structure and then collected at a detection point on the other side. Periodic boundary conditions are used at the edges of the cell along the x and y directions and space is terminated along the z axis by Mur's first order absorbing boundary. The time series results collected at the detection point are converted into the frequency domain using a Fast Fourier Transform (FFT). By normalizing these results relative to the incident wave, one can find the transmission coefficient. It is important to note that the wave propagation of interest is inside the ABG material itself and not in the composite substrate. Changes in acoustic transmission in the ABG sensor takes place due to damage in the substrate adhered to the ABG sensor. A map of the temporal and spatial progression of the displacement vector components can also be generated at pre-specified planes throughout the whole structure.
Case Study
We present a case study showing the significance of sub-micron damage at the substrate on the response of the ABG sensor. The ABG sensor is assumed to be attached to a carbon fiber reinforced polymer (CFRP) composite plate using epoxy adhesive. The ABG sensor is made of epoxy matrix with Tungsten rods (cylinders) spaced at 300 nm (0.3 μm) with a rod radius (r) over rod spacing (a) of 0.25. Three cases are simulated: first, when the CFRP plate is not damaged and observing no strains, we denote this case as the "healthy" case. Second, when the CFRP plate observes uniform strain of 4% which is quite a high strain and thus the ABG inclusions are uniformly spaced at 312 nm for being exposed to that strain. The third case represents the sub-micron damage when the CFRP plate observes local strain due to local sub-micron damage that results in a fault line of 300 nm (representing non-uniform and localized strain distribution). The three cases are shown schematically in Figure 5 . Simulations using the finite difference time domain (FDTD) method were performed to demonstrate the significant change in the ABG sensor transmission of a mechanical pulse sent though the sensor when damage in the substrates take place. Figure 6 shows the acoustic bandgap observed by the ABG sensor with healthy and nonstrained composite substrate ( Figure 5 (a) ) and represented by the dotted line. Figure 6 also shows the effect of uniform 4% strain ( Figure 5 (b) ) on the ABG sensor resulting in a shift in the bandgap while maintaining the bandgap width and shape. The response of the ABG under the uniform strain is presented by the solid line. The shift in the bandgap is attributed to the influence of uniform strain on the wavelength of the acoustic wave capable of producing the bandgap. As the uniform strain is introduced the spacing between the inclusions is increased resulting in the bandgap migrating towards lower frequency compared with the healthy observation. Figure 7 shows the acoustic bandgap observed by the ABG sensor with healthy and nonstrained composite substrate (Figure 5 (a) ) and represented by the dotted line. Figure 7 also shows the effect non-uniform sub-micron local damage in the CFRP composite substrate resulting in a single fault line of 300 nm width in the ABG sensor ( Figure 5 (c) ) presented by the black solid line. It can be observed that a single fault line with submicron scale resulted in deterioration of the bandgap losing its width and its efficiency (represented by the higher transmission at gap location). Such change is so evident that it can be observed and quantified. A methodology for quantifying this disturbance in the acoustic profile and relating it to the level of damage is suggested elsewhere (El-Kady et al. 2006 , Schnalzer et al. 2008 . It is important to note the advantage of the significant scalability of the proposed ABG sensor to observe the scale of damage of interest. If the inclusions are manufactured to be spaced at nanometers, damage in the substrate at 300 nm Fault line 4% uniform strain Healthy (non-strained) submicron scale will be observable, if the damage of interest is at micrometer scale, the spacing shall be in micrometers. By manipulating the material of the inclusions and the spacing of the inclusions, damage at submicron scale can be observed. Figure 6 : Acoustic signal response of ABG sensor for undamaged substrate (red-dotted) and due to 4 % uniform strain in the CFRP composite substrate (blue-solid).
Results and Discussions
Figure 7: Acoustic signal response of ABG sensor for undamaged substrate (red-dotted) and damage in the CFRP composite substrate resulting in 300 nm fault line (black-solid).
Conclusions
A novel sensor using ABG material is realized. The ABG sensor can observe micron and submicron damage in aerospace composite substrates adhered to the sensor. The proposed sensor is scalable and can detect damage scales never reported before and thus represents a good candidate for hot spot monitoring to realize damage evolution. Further work is underway for presenting the experimental observation of the ABG sensor abilities. Further simulations to quantify damage on the basis of ABG response is underway.
